Various methods have been used to modify titanium implant surfaces with the aim of achieving better osseointegration. In this study, we fabricated a clustered nanorod structure on an acid-etched, microstructured titanium plate surface using hydrogen peroxide. We also evaluated biofunctionalization of the hybrid micro/nanorod topography on rat bone marrow mesenchymal stem cells. Scanning electron microscopy and x-ray diffraction were used to investigate the surface topography and phase composition of the modified titanium plate. Rat bone marrow mesenchymal stem cells were cultured and seeded on the plate. The adhesion ability of the cells was then assayed by cell counting at one, 4, and 24 hours after cell seeding, and expression of adhesion-related protein integrin β1 was detected by immunofluorescence. In addition, a polymerase chain reaction assay, alkaline phosphatase and Alizarin Red S staining assays, and osteopontin and osteocalcin immunofluorescence analyses were used to evaluate the osteogenic differentiation behavior of the cells.
Introduction
Titanium and its alloys are widely used as load-bearing implants in the clinic due to their excellent mechanical and biocompatibility properties. 1 Immediately after placement of an implant into bone, proteins from the blood initially load onto the surface of the implant, then attach on the surface and participate in bone formation around the implant. 2, 3 During this process, the surface of the implant, being in direct contact with bone, plays a key role in determining the rate of formation as well as the quantity and quality of the bone newly formed around the implant. Therefore, osseointegration between the implant and bone could be improved by modification of the implant surface.
electropolishing, plasma spraying, and chemical vapor deposition. [4] [5] [6] [7] Among these methods, chemical treatment is a relatively simple and effective technique and has been widely investigated. [8] [9] [10] [11] In previous studies, a type of nanorod structure with a phase composition of anatase and rutile has been fabricated on a titanium surface using different chemical processes. [12] [13] [14] However, biofunctionalization of the nanorod structure has not been evaluated. Because the structure of the nanorod is similar to that of hydroxyapatite crystals, we were interested in investigating the response of osteogenic cells to nanorod topography. Moreover, natural bone is a very hierarchical organized tissue, especially with regard to the extracellular matrix, which plays a major role in regulating the fate of the cell, and comprises microscale collagen fibers and nanoscale hydroxyapatite crystals. 15 Accordingly, from the biomimetic viewpoint, we designed a new hierarchical hybrid micro/nanoscale texture by fabricating a clustered nanorod texture on a microstructured titanium surface formed by acid etching. Some studies have demonstrated the excellent biological properties of micro/nanostructures and their enhancement of stem cell function. 16, 17 As previously described, [18] [19] [20] bone marrow mesenchymal stem cells (MSCs) can be recruited from the neighboring bone marrow or peripheral circulation and participate in osseointegration after implantation. In the present study, we fabricated a hybrid micro/nanorod topography with hydrogen peroxide treatment on an acid-etched titanium-6Al-4V plate surface and evaluated the effects of this hierarchical topography on the adhesion and osteogenic differentiation activity of rat bone marrow MSCs. We hope that the result of this work will improve techniques for the surface modification of endosseous titanium implants.
Materials and methods

Sample preparation
Plates with dimensions of 10 × 10 mm were cut from a 1 mm thick sheet of pure titanium (purity . 99.85%, Grade 1, Baoji Shi Shenghua Nonferrous Metal Materials Co, Ltd, Baoji City, Shaanxi Province, China) and ultrasonically cleaned in 100% ethanol and deionized water. The plates were then treated with 5 wt% oxalic acid solution at 100°C for 2 hours. 21 These pretreated plates with clean homogeneous microstructured surfaces were used as the control (titanium-acid) group in this study. For preparation of the experimental group (titanium-acid-hydrogen peroxide group), the pretreated plates were further incubated in 30 wt% hydrogen peroxide in a Teflon-lined vessel at 80°C for 72 hours and then dried in an ambient atmosphere for further use.
Surface characterization
Field-emission scanning electron microscopy (JEOL JSM-6700F, Tokyo, Japan) was used for observation of the surface morphology of the samples, with an accelerating voltage of 10 kV. Surface roughness was quantified by atomic force microscopy (SPI3800N, Seiko, Tokyo, Japan). The components on the surface of these samples were detected using a thin-film x-ray diffractometer (D/max 2500PC, Rigaku, Tokyo, Japan) with a Cu Kα (k = 1.5406 Å) x-ray source. The scans were performed from 15 to 80 degrees 2θ at 2 degrees per minute, with a scanning step of 0.02 and 2 degree glancing angles for the incident beam against the surface of the specimens. The elemental composition of the sample surfaces was determined by x-ray photoelectron spectroscopy (PHI 5802 system, Physical Electronics Inc, Eden Prairie, MN) with a Mg Kα (1253.6 eV) source.
Culture of rat bone marrow MSCs
Bone marrow MSCs were isolated and cultured from 6-weekold male F344 rats according to our previously published procedures. 22 Briefly, the bone marrow was rinsed using Dulbecco's modified Eagle's medium (Gibco BRL, Grand Island, NY) with 10% fetal bovine serum (Hyclone, Logan, UT) and 200 U/mL heparin (Sigma, St Louis, MO) from rat femurs after both ends were cut off at the epiphysis. Cells were cultured in Dulbecco's modified Eagle's medium with 10% fetal bovine serum in an incubator with an atmosphere of 5% CO 2 at 37°C. Nonadherent cells were removed by the first medium change after 24 hours. Cells at passage 2-3 were used in this study.
Cell proliferation activity assay
The MTT cell metabolic assay (Sigma) was used to evaluate the cell proliferation activity of the bone marrow MSCs on the two different substrates. 23, 24 Initially, 2.0 × 10 4 cells per mL were plated onto each sample in a 24-well plate. After one, 4, and 7 days of culture, the MTT solution was added into the targeted wells, and the specimens were incubated for 3 hours to form formazan. The formazan was dissolved in dimethyl sulfoxide and measured at 490 nm using an ELX ultra microplate reader (BioTek, Winooski, VT). The experiment was performed in triplicate.
Reverse transcription and real-time PCR assay
Initially, 2.0 × 10 4 cells/well were seeded on titanium plates in 24-well plates. After 14 days of culture in Dulbecco's modified Eagle's medium, the total RNA from cells on the submit your manuscript | www.dovepress.com Dovepress Dovepress titanium and nanorod substrates was extracted with TRIzol reagent (Invitrogen, Grand Island, NJ), and the cDNA was generated using a PrimeScript 1st strand cDNA synthesis kit (TaKaRa, Shiga, Japan). The expression of fibronectin, integrin α1 and integrin β1, Runx-2, alkaline phosphatase, osteopontin, and osteocalcin in the two groups was measured using reverse transcription polymerase chain reaction (RT-PCR), with 30 cycles of denaturation at 95°C for 30 seconds, annealing at 58°C for 30 seconds, and elongation at 72°C for 30 seconds. The amplification products were examined by 2.0% agarose gel electrophoresis. The RT-PCR results were further confirmed using a real-time PCR system (Bio-Rad, Hercules, CA). The housekeeping gene, GAPDH, was used for normalization. 25, 26 The specific primer sequences used in this study are listed in Table 1 .
Cell adhesion ability assay
Cell counts at the initial seeding period (one, 4, and 24 hours) were taken to represent the adhesive cells on the different samples. 23 Cells at a density of 5.0 × 10 4 cells/well were seeded on the different titanium plates in 24-well plates. At each time point, the nonadherent cells were rinsed and removed by phosphate-buffered solution. For fluorescence staining, the cells remaining on the plates were fixed with 4% paraformaldehyde for 30 minutes at 4°C. After the cell nuclei were stained using DAPI (Invitrogen), the samples were observed under a confocal laser scanning microscope (Leica, Hamburg, Germany). For counting the number of cells attached, five samples for each group were detected at each time point. The cells were detached with trypsin-EDTA solution (0.25% trypsin with 1 mM EDTA) and analyzed using a FACSCalibur flow cytometry system (Becton Dickinson, Franklin Lakes, NJ).
To detect the expression of cell-adhesion-related protein, integrin β1, in the different samples, cells at a density of 1.0 × 10 4 cells/well were seeded on the different titanium plates in 24-well plates. Four hours later, the cells were fixed with 4% paraformaldehyde and treated with 1% Triton X-100 for 30 minutes at room temperature. After blocking in 10% goat serum for one hour at room temperature, a specific primary antibody targeting integrin β1 (Abcam, Cambridge, MA) and a FITC-phalloidin antibody (Enzo Life Sciences, Exeter, UK) were added and incubated overnight at 4°C. Next, a DyLight 549-conjugated anti-mouse IgG antibody (Invitrogen) was used for one hour at 37°C in the dark. Nuclei were stained with DAPI for 5 minutes, and the samples were then observed using the confocal laser scanning microscope.
Alkaline phosphatase activity and calcium deposition assay Initially, 2.0 × 10 4 cells/well were seeded on the different titanium plates in 24-well plates. After 14 days of incubation in Dulbecco's modified Eagle's medium, the cells were fixed and stained using an alkaline phosphatase kit (Shanghai Hongqiao Medical Reagent Company, Shanghai, China) and 0.1% Alizarin Red S solution for alkaline phosphatase staining and Alizarin Red S staining, respectively. 26, 27 A semiquantitative analysis of alkaline phosphatase and calcium deposition was performed as previously described. 25 Alkaline phosphatase activity was determined by measuring the OD values for absorbance at 405 nm after incubation with p-nitrophenyl 
Immunofluorescence of osteopontin and osteocalcin
Initially, 2.0 × 10 4 cells per well were seeded and cultured in Dulbecco's modified Eagle's medium for 14 days. The cells were fixed in 4% paraformaldehyde for 30 minutes at 4°C and treated with 1% Triton X-100 for 30 minutes at room temperature. After being blocked with 3% bovine serum albumin, the samples were incubated in specific rat primary antibodies against osteocalcin (Abcam) and osteopontin (Abcam) overnight at 4°C. Additionally, the cellular cytoskeleton was stained with FITC-phalloidin. The samples were then incubated with a red fluorescently labeled goat antimouse secondary antibody for another 30 minutes at 37°C. After the nuclei were stained with DAPI, the specimens were observed using the confocal laser-scanning microscope.
Statistical analysis
The data were expressed as the mean ± standard deviation and analyzed using the t-test. The significance level for the statistical analysis was set at P , 0.05.
Results and discussion
Sample characterization
The surface morphology of the two samples was detected by field-emission scanning electron microscopy ( Figure 1 ). On the titanium-acid plate surface, microscale edges were observed at a low magnification of 5000×, which was the result of pickling by oxalic acid solution. However, under a higher magnification of 200,000×, the topography appeared flat. Thin-film x-ray diffraction (pattern of the control sample) only exhibited the characteristic peaks of titanium, indicating that the surface oxidation layer was almost removed after pickling (Figure 2 ). Pickling in oxalic acid is a method commonly used to pretreat titanium because it can produce samples with microscale surfaces and multifaceted devices with complex three-dimensional shapes, making them superior for practical application. Moreover, this method has been used to treat orthopedic and dental implants because it has the ability to induce distinct osteoblastic functions in vitro 28 and enhance the bone-implant contact. 29 Based on the pretreated microstructures, we fabricated a nanorod structure using hydrothermal hydrogen peroxide treatment. At a low magnification of 5000×, the sharp microscale edges on the titanium-acid-hydrogen peroxide plate surface were smoother and the uneven surface was paved with more clustered nanorod structures than the titanium-acid group. Under higher magnification, uniform hydroxyapatite-like nanorod structures were observed. Moreover, as shown in Table 2 , the surface roughness of the titanium-acid-hydrogen peroxide plate was obviously greater than that of the titanium-acid sample (P , 0.05). For detection of the surface composition, characteristic peaks of crystalline anatase and rutile appeared in the thin film x-ray diffraction pattern, indicating that the nanorod structure-modified surface was composed of crystalline titanium (Figure 2) . A detailed surface atomic composition analysis was also performed using the x-ray photoelectron spectroscopy method (Figure 3) , which demonstrated that the basic components of the titanium-acid and titaniumacid-hydrogen peroxide sample surfaces are consistent. Only titanium and oxygen were detected on the surfaces of both 
Cell adhesion activity
It is widely accepted in clinical implant medicine that formation of a direct interface between an endosseous implant and new bone produced by bone marrow MSCs occurs during the osseointegration process. Bone marrow MSCs can be recruited from neighboring bone marrow or the peripheral circulation and participate in osseointegration after implantation. For the bone marrow MSCs that participate in the osseointegration process, cell adhesion on the material surface is the initial step for cell-material interactions, and deficient adhesion may affect subsequent cell osteogenic differentiation activity. It is well known that cell adhesion occurs through binding of integrins, which are receptors that adhere specifically to matrix proteins such as fibronectin and various collagens. 30 In the present study, we detected expression of integrin α1, integrin β1, and fibronectin genes in cells seeded on the different substrates by PCR assay, with the resulting data shown in Figure 4 . In the titanium-acid-hydrogen peroxide group, expression levels of all three genes were upregulated by the hybrid micro/nanotextured topography. Interactions between integrin receptors and extracellular matrix proteins not only provide cells with a physical link to the extracellular matrix but also serve as a channel for propagating signals from the extracellular environment.
To confirm the adhesion activity further, cells attached onto both titanium-acid and titanium-acid-hydrogen peroxide plates were detected after rinsing with phosphate-buffered solution at one, 4, and 24 hours ( Figure 5A ). Figure 5B shows the results of cell counting. The number of adherent cells on the micro/nanorod-modified surface was more than In addition, expression of integrin β1 at 4 hours is shown in Figure 5C , and the cells seeded on the titanium-acid-hydrogen peroxide plate expressed a higher level of integrin β1. Enhancement of cell adhesion by various nanotextures or micro/nanotextures has been widely reported. 16, 23, [31] [32] [33] However, the exact effect of nanotextures on cell adhesion activity remains to be determined. 34 One possible explanation is that the high surface energy of the sharp ridges in the nanoscale range facilitates formation of focal adhesions. [35] [36] [37] In addition, similar to what Oh et al have indicated, 35 when immersed in culture medium containing serum, proteins including bovine serum albumin, fibronectin, and albumin, load onto the available top portion of a nanotube wall early on during incubation, and further deposits of serum proteins on the implant surface may promote initial adhesion of cells, as previously reported. 38, 39 In the present study, the increased surface area created by micro/nanorod topography modification might enhance the persistence of serum proteins.
Cell metabolism and proliferation activity
The results of the MTT cell metabolic activity assay are shown in Figure 6 . There were no statistically significant differences between the two samples at day 1 and day 4. However, at day 7, total cell metabolic activity on the micro/nanorod structure was significantly greater than that on the control surface. The metabolic situation of individual cells and cell numbers both contribute to total cell metabolic activity. In this study, upregulation of cellular metabolism was most likely created by increasing cell numbers. The ability of nanotopography to promote cell proliferation has been confirmed. 15, 40 Increased initial adhesion of cells likely also promotes cell proliferation activity on the titanium-acid-hydrogen peroxide plate.
Osteogenic differentiation activity in bone marrow MSCs
As shown in Figure 4 , expression of several osteogenic differentiation-related genes, including the early markers Runx-2 and ALP, the medium-stage marker OPN, and late-stage marker OCN, was detected by PCR assay. All of these mRNAs were upregulated after 14 days of culture on the micro/nanorod topography-modified titanium surface, especially expression of markers related to late osteogenic differentiation, ie, OPN and OCN. Furthermore, the alkaline phosphatase activity assay, calcium deposition assay, and osteopontin/osteocalcin immunofluorescence were performed to confirm further osteogenic differentiation activity in rat bone marrow MSCs. For the alkaline phosphatase activity assay, more pronounced alkaline phosphatase-positive areas were observed on the micro/nanorod structures than on the controls ( Figure 7A ), and cells on the hybrid micro/nanoscale texturemodified surface expressed more alkaline phosphatase activity according to the quantification results (P , 0.05, Figure 7B ). Similar results were demonstrated by Alizarin Red S staining ( Figure 7A ) and quantitative calculation using the calcium deposition assay ( Figure 7C that osteogenic differentiation of rat bone marrow MSCs was promoted by micro/nanorod topography. As shown in Figure 8 , expression of osteopontin and osteocalcin was further detected at the protein level using an immunofluorescence method, and the cells seeded on the titanium-acid-hydrogen peroxide plate expressed a higher level of both proteins. Taken together, our results clearly demonstrate that the micro/nanorod topography-modified titanium surface was beneficial for promoting osteogenic differentiation of rat bone marrow MSCs. As discussed above, the micro/nanorod texture facilitated cell adhesion, which increased the number of contact spots between cells and the matrix. These spots play a key role in cell signal transduction of external stimuli. The focal adhesion kinase/extracellular signal-regulated kinase signaling pathway is well known to be related to osteogenic differentiation activity in cells. 41, 42 Many studies have shown that nanotopographies dictate the differentiation activity of stem cells by influencing the phosphorylation of these two kinases. 43, 44 Recent work has also demonstrated that the integrin-linked kinase/β-catenin pathway is important in mediating signals from topographical cues to direct osteogenic differentiation of cells. 45 The exact role of hybrid micro/nanorod topography in the response of the cell remains to be determined.
Conclusion
In this study, a clustered nanorod topography on an acidetched microtextured titanium surface was produced by treatment with hydrogen peroxide treatment for 72 hours. The hierarchical hybrid micro/nanoscale texture-modified titanium surface facilitated the initial adhesion activity of rat bone marrow MSCs. Importantly, the osteogenic differentiation activity of these cells was also obviously promoted by the modified surface. The enhanced adhesion and osteogenic differentiation abilities of the rat bone marrow MSCs on the titanium-acid-hydrogen peroxide plates suggest the potential to improve bone-titanium integration in vivo. and 2012CB933601), the National Science Fund for Distinguished Young Scholars of China (81225006), the National Natural Science Foundation of China (51071168, 81170939, and 30973342) and the Science and Technology Commission of Shanghai Municipality (S30206, 10430710900, and 10dz2211600).
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